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INTRODUCTION 20
Nutrition plays a key role in host-pathogen interactions, as parasites hijack host 21 metabolites to survive and propagate. Plasmodium parasites, the causative agents of 22 malaria, are no exception. Malaria is the deadliest infectious disease transmitted to 23 humans by anopheline mosquitoes. Multiple reports have implicated larval diet and adult 24 blood meals in determining parasite loads within a mosquito (Moller-Jacobs et al., 2014; 25 Okech et al., 2004; Ponnudurai et al., 1989; Shapiro et al., 2016; Takken et al., 2013; 26 Vantaux et al., 2016) . Indeed, females produced by undernourished larvae are poor 27
Plasmodium hosts (Moller-Jacobs et al., 2014; Shapiro et al., 2016; Takken et al., 2013; 28 Vantaux et al., 2016) , although additional blood feedings improve parasite survival 29 (Okech et al., 2004; Ponnudurai et al., 1989) . Together with proteins and carbohydrates, 30 lipids constitute important building blocks of nutrition since they provide living 31 organisms with energy, serve as the structural materials of cell and organelle membranes, 32 and function as signaling molecules. In contrast to the defined role of lipids in 33
Plasmodium development within a mammalian host (Grellier et al., 1991; Itoe et al., 34 2014; Lauer et al., 2000) , the contributions of mosquito lipids remain unknown. 35
Mosquitoes acquire lipids from their diet and store them in the fat body, an insect 36 equivalent of mammalian liver. Lipid levels in the tissues are maintained by lipophorin 37 (Lp), the hemolymph-circulating transporter that shuffles hydrophobic lipids between the 38 fat body and energy demanding tissues (Atella et al., 2006; Van der Horst et al., 2009) . 39
The blood meal brings to the mosquito massive lipid resources that, in the course of the 40 (Franke-Fayard et al., 2004) . A significant decrease in oocyst size was observed in Lp-78 deficient mosquitoes 7 days post infection (dpi) (Figure 2A ), indicating that Lp 79 deficiency arrests parasite growth at the onset of sporogony. We next examined whether 80 oocysts accumulated lipids and the role of Lp in this process. A clear Nile Red signal was 81 observed in the peripheral cytoplasm and vesicles ( Figure 2B ). Importantly, this signal 82 was absent in the oocysts of Lp-depleted mosquitoes ( Figure 2B and Figure S1A ), 83 suggesting that Lp is required for parasite provision with mosquito lipids. To investigate 84
whether Lp was taken up by oocysts together with its lipid cargo, we used antibodies 85 directed against the protein moiety of the Lp particle (Rono et al., 2010) . In controls, The 86 number of Lp-positive oocysts increased over time (25% and 72% at 7 and 13 dpi, 87 respectively, Figure 2A ). Lp signal was observed on the surface but not inside the oocysts 88 ( Figure 2C ). As expected, no signal was detected in Lp-depleted mosquitoes ( Figure 2C) . 89
Progressive accumulation of Lp on the parasite surface suggests that Plasmodium exploits 90
Lp particles for lipid delivery to the oocysts rather than for uptake. Transmission electron 91 microscopy analysis further confirmed that Lp depletion did not impact development of 92 young oocysts (7 dpi) which displayed normal ultrastructure ( Figure 2D and E). Instead, 93
in Lp-depleted mosquitoes, almost half of the mature oocysts displayed cytoplasmic 94 vacuolization and lack of classical membrane retractions characteristic of initiation of 95 sporulation ( Figure 2F ). Moreover, these aberrant oocysts were surrounded by the 96 electron-dense actin zones associated with dead ookinetes (Shiao et al., 2006) (Figure 2E 97 and Figure S2 ). Collectively, these observations indicate that lipid restriction inhibits 98 oocyst sporulation and induces the death of mature oocysts. Therefore, mosquito lipids 99 represent a limiting step in parasite development in the midgut. 100
101

Mosquito lipids control Plasmodium virulence to the next mammalian host 102
As some sporozoites were able to complete their development in spite of massive oocyst 103 die-off ( Figure 1D ), we examined the effect of lipid starvation on Plasmodium 104 transmission. In these experiments, naïve mice were exposed to the bites of P. berghei-105 infected control or Lp-deficient mosquitoes. We found that only 20% of mice (n=10) 106 bitten by Lp-depleted mosquitoes became blood-stage positive, as compared to 90% in 107 controls (n=10) ( Figure 3A and 3B). To assure that this striking difference in infection 108 levels was not due to the differences in sporozoite loads produced by control and Lp-109 deficient mosquitoes ( Figure 1D ), naïve mice were subcutaneously injected with equal 110 numbers of sporozoites isolated from control and Lp-depleted mosquitoes. Again, fewer 111 than 40% of mice (n=18) injected with lipid-deprived sporozoites became infected as 112 compared to 100% in controls (n=16) ( Figure 3C ). All mice that became infected with 113 sporozoites from Lp-deficient mosquitoes displayed a 1-day delay in the onset of 114 parasitemia ( Figure 3D ). In addition, only half of the infected mice displayed the severe 115 neurological symptoms typical of experimental cerebral malaria (ECM), and there was a 116 significant delay in ECM development ( Figure 3E ) compared to control mice, which had 117 100% incidence of ECM. Overall, mosquito lipid deprivation resulted in a cumulative 118 loss of parasite virulence ( Figure 3F ). These results strongly suggest that disrupting lipid 119 transport in the mosquito impacts development of Plasmodium liver stages and reduces 120 the initial burden of blood stage parasites, thereby preventing initiation of severe forms of 121 the disease. 122
123
Supplemental blood feeding rescues parasite infectivity 124
To obtain direct evidence of the trans-stadial effect of mosquito lipid deficiency on the 125
Plasmodium liver stages, we gauged development of extra-erythrocytic forms (EEFs) in 126 the hepatoma HepG2 cell line in vitro. Cells were exposed to equal numbers of 127 sporozoites isolated from control and Lp-depleted mosquitoes ( Figure 4A ) and the 128 development of EEFs was analyzed by fluorescence microscopy two days later. EEFs were produced by lipid-deprived sporozoites as compared to controls ( Figure 4E  134 and G, Figure S3 ), suggesting a trans-stadial effect of lipid deficiency on EEF growth. 135 Therefore, we hypothesized that providing lipids directly to the midgut at the critical time 136 of oocyst sporogony might restore sporozoite infectivity and EEF development. To test 137 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/149443 doi: bioRxiv preprint first posted online Jun. 13, 2017;  this hypothesis, P. berghei-infected control and Lp-depleted mosquitoes were blood fed 7 138 dpi, when the first effects of lipid starvation on oocyst size were observed ( Figure 2A) . 139 Strikingly, even in the absence of Lp ( Figure S4 ), this supplemental feeding partially 140 restored sporozoite numbers in the mosquitoes ( Figure 4B ), and fully rescued sporozoite 141 infectivity ( Figure 4D ) and EEF development ( Figure 4F and H We next examined potential mechanisms that attenuate sporozoite infectivity to the next 149 mammalian host. Microscopic inspection of the overall sporozoite morphology by 150 scanning electron microscopy failed to detect any major differences between control and 151 lipid-deficient sporozoites ( Figure S5A ). Similarly, no major differences were detected in 152 transcript levels of major regulators of sporozoite development ( Figure S5B ). Since 153 neutral lipids such as cholesterol regulate trafficking of GPI-anchored proteins to the 154 plasma membrane (Zurzolo and Simons, 2016), we gauged surface distribution of the 155 circumsporozoite protein (CSP), the main surface antigen crucial for sporozoite 156 morphogenesis and infectivity (Menard et al., 1997) . Immunofluorescence analysis 157 revealed no differences in the distribution of CSP signal at the surface of lipid-deprived 158 sporozoites compared to controls ( Figure S5C ). In contrast, a striking effect of lipid 159 deprivation was observed on the sporozoite mitochondrial membrane potential as 160 measured by signal intensity of a lipophilic cationic dye (TMRE) whose accumulation in 161 the mitochondrial membrane matrix space correlates with the mitochondrial membrane 162 potential (Perry et al., 2011) . We first validated TMRE staining of sporozoites by 163 measuring signal intensity before and after treatment with a mitochondrial uncoupling 164 drug CCCP and showed that drug treatment abolished TMRE signal ( Figure S5D ). We 165 next assessed TMRE intensity by imaging flow cytometry analysis of sporozoites. 166
Strikingly, a significant decrease in mitochondrial membrane potential was observed in 167 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/149443 doi: bioRxiv preprint first posted online Jun. 13, 2017;  lipid-deprived sporozoites as compared to controls ( Figure 5A , B and D). To examine 168 whether reduced mitochondrial activity mitigated sporozoite survival, we gauged levels 169 of transgenic GFP expression as a proxy of parasite live status (Yilmaz et al., 2014) . 170
Although GFP expression levels differed between experiments, absence of significant 171 differences in GFP signal between the two groups confirmed that all analyzed sporozoites 172 were alive ( Figure 5A , C and E). These results demonstrate that mosquito lipids regulate 173 the mitochondrial activity of sporozoites, and suggest that the decrease in mitochondrial 174 membrane potential is responsible for the attenuated infectivity of the lipid-deprived 175 sporozoites in the mammalian host. with the data accumulated for mammalian stages (Grellier et al., 1991; Itoe et al., 2014; 196 Lauer et al., 2000; Sa et al., 2017) , our study uncovers the obligatory Plasmodium 197 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/149443 doi: bioRxiv preprint first posted online Jun. 13, 2017;  dependence on host lipids during throughout its life cycle. , 1993; Fowler et al., 1995) . Taken together with these results, our findings establish 211 the crucial role of mosquito lipids in parasite mitochondrial function, which shapes 212
Plasmodium sporogonic development and infectivity. 213
Attenuation of Plasmodium sporozoites is a leading strategy for malaria whole-organism 214 vaccine development (Butler et al., 2012) . So far, this has been achieved by irradiation 215 (Seder et al., 2013) or by genetic manipulation (van Schaijk et al., 2014) . The data 216 presented here add a new paradigm of virulence attenuation by manipulation of mosquito 217 lipid trafficking. Interestingly, high variability in virulence of P. falciparum sporozoites 218 has been reported under laboratory conditions (March et al., 2013) and in the field (Gupta 219 et al., 1994; Mackinnon and Read, 2004) . We propose that disparity in lipid resources 220 between larval breeding sites drive fluctuations in mosquito nutritional status (Gillies, 221 1954) , and thereby may account for the observed variability in Plasmodium virulence in 222 the field. Therefore, the demonstrated direct correlation between sporozoite quantities 223 and transmission efficiency in naïve and vaccinated hosts (Churcher et al., 2017) should 224 also consider sporozoite quality, both of which depend on the mosquito nutritional status. 225
Finally, targeting host/vector lipid trafficking may offer new potent and powerful 226 strategies to block parasite development in the next host, thereby preventing the vicious 227 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/149443 doi: bioRxiv preprint first posted online Jun. 13, 2017;  cycle of malaria transmission. 228
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EXPERIMENTAL PROCEDURES 504
Mosquito Rearing and Parasite Infections 505
Anopheles gambiae s.l. mosquitoes were used throughout the study. G3 and 7b lines -an 506 immunocompromised transgenic mosquito line of G3 origin in which expression of the 507 complement-like gene TEP1 is down-regulated (Pompon and Levashina, 2015), were 508 maintained at 29°C 70%-80% humidity 12/12 h day/night cycle. In P. falciparum 509 infections, mosquitoes were fed at 37°C for 15 min through a membrane feeder with 510 NF54 gametocytes cultured with O+ human red blood cells (Haema, Berlin), and 511 thereafter kept in a secured S3 laboratory according to the national regulations 512 (Landesamt für Gesundheit und Soziales, project number 411/08). For P. berghei 513 experiments, mosquitoes were fed on anesthetized CD1 mice infected with the P. berghei 514 GFP-con 259cl2 clone (ANKA strain) that constitutively expresses GFP (Franke-Fayard 515 et al., 2004) . Shortly after infections, unfed mosquitoes were removed, while fed 516 mosquitoes were maintained at 26°C for 11-14 days (P. falciparum) or at 20°C for 7-21 517 days (P. berghei), and then used for the midgut and/or the salivary gland dissections. 518
519
RNAi silencing 520
Double stranded RNA (dsRNA) against lipophorin (dsLp) was produced as previously 521 described (Rono et al., 2010) . For RNAi silencing, 1-2 day-old females were anesthetized 522 with CO 2 and injected with 69 nl of 3 µg/µl dsLacZ (control) or dsLp using a Nanoject II 523
Injector (Drummond). Mosquitoes recovered for 3-4 days following injection before 524 infections. Efficiencies of RNAi silencing are summarized in Figure S5 . 525
526
Immunofluorescence Analysis 527
Mosquito midguts were dissected in PBS, fixed in 4% formaldehyde and washed in PBS. 528
Tissues were permeabilized with Triton X-100 0.1% and incubated with a 1:1 mix of 529 mouse monoclonal anti-ApoI and anti-ApoII antibodies (1/300, clones 2H5 and 2C6) 530 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/149443 doi: bioRxiv preprint first posted online Jun. 13, 2017;  Cytochalasin D (Sigma Aldrich) for 10 min. At 48 h post seeding, the cells were fixed for 559 10 min with 4% formaldehyde, washed with PBS and blocked with 10% fetal calf serum 560 in PBS. Development of the liver-stage parasites was examined using monoclonal mouse 561 anti-GFP antibodies (1/1,000, AbCam) and revealed with the secondary AlexaFluor488 562 conjugated anti-mouse antibody (1/1,000, Molecular Probes). Nuclei were stained with 563 DAPI (1.25 µg/ml, Molecular Probes). Images were recorded directly on the 96-wells 564 plate using an AxioObserver Z1 fluorescence microscope equipped with an Apotome 565 module (Zeiss) and analyzed for number and size of liver forms using the Axio-Vision 566 ZEN 2012 software (Zeiss). 567
568
P. berghei mouse infections in vivo 569
Mice were housed and handled in accordance with the German Animal Protection Law 570 ( §8 Tierschutzgesetz) and both institutional (Max Planck Society) and national 571 regulations (Landesamt für Gesundheit und Soziales, registration number H 0027/12). To 572 determine sporozoite infectivity to mice, the sporozoites collected from the mosquito 573 salivary glands (5,000 sporozoites/mouse) were injected subcutaneously into the tails of 574 8-10-week-old C57BL/6 females. Bite-back experiments were performed by feeding the 575 P. berghei-infected mosquitoes (18 dpi) on anesthetized naïve C57BL/6 mice (mean 9 576 bites/mouse, range 2-15). Blood cell parasitemia was determined by daily Giemsa 577 staining of thin blood smears and FACS analysis of the red blood cells with the GFP-578 expressing blood stage parasites. Infected mice were monitored every 6-12 h for the 579 appearance of severe neurological and behavioral symptoms typical of experimental 580 cerebral malaria (ECM) such as hunched body position, grooming alteration, ataxia, 581 paralysis, or convulsions (Lackner et al., 2006) or by the rapid neurological and 582 behavioral test (RMCBS) (Carroll et al., 2010) . All mice with ECM symptoms or the 583 RMCBS score equal or below 5/20 were sacrificed immediately. 584 585
Sporozoite imaging flow cytometry 586
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/149443 doi: bioRxiv preprint first posted online Jun. 13, 2017;  Salivary gland sporozoites were purified in RPMI medium (Gibco) 3% bovine serum 587 albumin (Sigma Aldrich) and kept on ice until staining. Sporozoites were diluted in PBS 588 to concentrations corresponding to 3 mosquito equivalents and stained in the dark with 5 589 nM TMRE (Cell Signalling Technology) for 20 min at 20°C. CCCP at 50 µM was used 590 as a negative control (see Figure S5D ). Sporozoite images were acquired without washing 591 using an ImageStreamX Mk II (Merck Millipore) with a 60x objective over 1 h period. 592
To avoid a possible bias due to the variable pre-acquisition waiting times on ice, the order 593
